Objective To investigate associations between long term dietary intake of calcium and risk of fracture of any type, hip fractures, and osteoporosis.
INTRODUCTION
Osteoporotic fractures are frequent in elderly populations, especially in women, and are associated with high healthcare costs and individual suffering. With ageing populations, the burden of osteoporotic fractures on society will increase in the coming years 1 and the prevention of osteoporotic fractures is therefore a major public health issue. The importance and optimal level of calcium intake to compensate for skeletal calcium losses 1 and for the prevention of osteoporosis and fractures have been much debated and remain unclear. This is reflected by the wide range of daily calcium recommendations for individuals older than 50 years: at present 700 mg in the UK, 2 800 mg in Scandinavia, 3 1200 mg in the United States, 4 and 1300 mg in Australia and New Zealand. 5 It is problematic to make recommendations regarding calcium intake based on the results from clinical trials and previous cohort studies. Meta-analyses of randomised trials found that supplemental calcium gave modest 6 or no reduction 7 in risk of fracture. Both the habitual dietary intake of calcium and vitamin D status may affect the outcome and are rarely accounted for in the design of calcium supplementation trials. 8 Nor do observational data provide clear evidence, as emphasised by meta-analyses with differing results, on the association between calcium intake and fracture risk. 9 10 To improve precision, prospective studies with repeated dietary surveys and large numbers of participants are needed.
Against this background, we aimed to investigate associations between long term dietary intake of calcium with risk of fracture of any type, with hip fractures, and with osteoporosis, in a large, population based prospective study of Swedish women.
METHODS

The Swedish Mammography Cohort
The Swedish Mammography Cohort was established in [1987] [1988] [1989] [1990] . All 90 303 women residing in two Swedish counties (Uppsala and Västmanland) and born between 1914 and 1948 received a mailed invitation to a routine mammography screening. Enclosed with this invitation was a questionnaire covering diet (food frequency questionnaire) and lifestyle, which was completed by 74% of the women. In 1997 a second expanded questionnaire was sent to those who were still living in the study area (response rate 70%). The study sample with exclusions has been described previously 11 and 61 433 women with baseline data and 38 984 with data from 1997 were available for analysis in the present fracture study (fig 1) .
Fracture identification
Fracture events were collated through linkage to the Swedish National Patient Registry. 12 Data on outpatient treated fractures were identified from outpatient registers. An almost complete (99.7%) deterministic record linkage was enabled by use of the unique identification number assigned to all Swedish permanent residents. Any fracture event was defined as a hospital admission or an outpatient visit with an International Classification of Diseases (ICD10) diagnosis code of S12, S22, S32, S42, S52, S62, S72, S82, or S92. Hip fracture cases were defined by the codes S720, S721, and S722. Incident fracture admissions were separated from readmissions from a previous fracture event by the use of a previously validated and accurate method. 13 The Swedish Mammography Cohort Clinical (SMCC) Between November 2003 and October 2009, we invited a randomly selected subcohort of the Swedish Mammography Cohort living in the city of Uppsala to undergo dual energy x ray absorptiometry (DXA, Lunar Prodigy, Lunar corp, Madison, WI, USA) measurements, to provide blood and urine samples, and to have height and weight measurements taken. A third questionnaire on diet and lifestyle factors (similar to the 1997 food frequency questionnaire) was also completed before the clinical examination. The participation rate was 65% and the subcohort included 5022 women (fig 1) . Bone mineral density (BMD, g/cm 2 ) was determined at the hip, at the lumbar spine (L1-L4), and of the total body. Osteoporosis was defined as a T-score at either the total hip, femoral neck, or spine of ≤2.5 standard deviations (SD) below the mean of a young adult reference range.
14 The precision error of the bone mineral density measurements, based on triple measurements in 15 participants, varied depending on sites between 0.8% and 1.5%. Daily scans of a lumbar spine phantom were performed. The long term coefficient of variation was less than 1%. 15 The present study was therefore made up of two study samples: the Swedish Mammography Cohort with the primary outcomes of any fracture and hip fracture, and the subcohort Swedish Mammography Cohort Clinical with the secondary outcome of osteoporosis.
Dietary assessment
The food frequency questionnaires have been described previously.
11 16 17 Nutrient intakes were estimated by multiplying the frequency of consumption of each food item by the nutrient content of age specific portion sizes. Nutrient data were obtained from the Swedish National Food Administration database. 18 Nutrient intakes were adjusted for total energy intake (mean 1700 kilocalories in the study population) using the residual method. 19 To better account for changes in diet during follow-up and to better represent long term dietary intake, calcium intake was treated as cumulative average intake. 20 In the second and third food frequency questionnaires (the 1997 expanded questionnaire and the questionnaire completed by the SMCC subcohort) the lifetime use of dietary supplements and multivitamins was reported. One calcium dose was considered to be 500 mg if from calcium supplements and 120 mg if from multivitamins. Total calcium intake included supplemental calcium. Reported frequency of calcium supplement use (with or without vitamin D) within the cohort during the first years of follow-up was low (6%), 21 and this proportion was similar for women with low and high dietary calcium intake. Both dietary and total calcium intake in the 1997 food frequency questionnaire correlated well with estimates from 14 repeated 24 hour recalls over one year (r=0.77). 22 A second validation of calcium intake was carried out with 7 day food records, which were assessed on four occasions, every third month, in 104 of the women (r=0.72). Bland-Altman plots showed only small systematic errors related to intake level between the methods. The average difference between 1997 food frequency questionnaire and food records was -56.4 (95% confidence interval -4.4 to -108.4). It has been observed previously 22 that the food frequency method gives higher estimates of calcium intake. Similar estimates were obtained for the baseline questionnaire. 
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Fig 1 || The flow chart depicts the study samples in the Swedish Mammography Cohort. *Excluded were those with an erroneous personal identification number, questionnaires that was not dated, erroneous dates of moving out of the study area or death, implausible energy intakes (±3SD from the mean value of the log transformed reported energy intake), and a cancer diagnosis (except non-melanoma skin cancer) before baseline. 11 FFQ=food frequency questionnaire Data shown is mean (SD) or n (%) where indicated. PA=physical activity, BMI=body mass index. *Calcium intake by quintiles refers to the cumulative energy adjusted average dietary intake in the entire cohort. †Energy adjusted average nutrient data was estimated with data from the baseline and the 1997 questionnaire. ‡Supplemental calcium (alone or in combination with vitamin D) was used by 10<thin>055 participants. §Information only available in the 1997 questionnaire. ¶Educational level "other" refers to vocational or other education. **Intake per day refers to the energy adjusted intake in the subcohort. † †Supplemental calcium was used by 610 participants.
Additional information
Lifestyle information was obtained from the questionnaires. This included the use of postmenopausal oestrogen therapy and menopausal status, parity information, weight and height, smoking habits, and leisure time physical activity during the past year (with five pre-defined levels ranging from 1 hour per week to more than 5 hours per week). Physical activity collected in the 1997 questionnaire is valid compared with activity records and accelerometer data. 23 The educational level was determined with four categories: less than or equal to 9 years, 10 to 12 years, more than 12 years, and other education such as vocational.
ICD diagnosis codes were collated from the Swedish National Patient Registry (versions 8, 9, and 10) to calculate Charlson's comorbidity index. 24 25 Statistical analysis For each participant follow-up time was accrued from baseline (1987) (1988) (1989) (1990) ) until the date of fracture, date of death, date of leaving the study regions, or the end of the study period (31 December 2008). We estimated age adjusted and multivariable adjusted hazard ratios by Cox proportional hazards regression and odds ratios by logistic regression. We examined the relationship between quintiles of cumulative dietary calcium intake and risk of fracture and osteoporosis. For comparison with previous studies 7 we also examined the effect of each 300 mg per day increment of calcium. In order to facilitate comparisons of the estimates the quintile cutoffs were defined in the entire Swedish Mammography Cohort, despite a higher average calcium intake in the subcohort. In a supplementary HR=hazard ratio, OR=odds ratio, CI=confidence interval. *Calcium intake by quintiles refers to the cumulative average intake in the entire cohort (SMC). †Hazard ratios (95% CI) were determined in Cox proportional hazard analysis, analysing first events and multiple events separately. The hazard ratios were adjusted for age, total energy, retinol, alcohol intake, vitamin D intake, BMI, height, nulliparity, educational level, physical activity level, smoking status, calcium supplementation, previous fracture of any type before baseline, and Charlson's comorbidity index.
‡Osteoporosis was defined as when the T-score, determined at the total hip, femoral neck, or lumbar spine, was ≤ -2.5 standard deviations (SD) below the mean of a young adult reference range. 14 Odds ratios (95% CI) were estimated in logistic regression analysis. The adjusted model included age, physical activity level, smoking status, height , BMI, energy intake, intake of alcohol, retinol and vitamin D, supplemental calcium, supplemental calcium plus vitamin D, oestrogen replacement therapy, cortisone use, bisphosphonate use, a previous fracture of any type before baseline, nulliparity, educational level, and Charlson's comorbidity index.
analysis we analysed multiple fractures by calcium intake in a conditional risk set model for Cox regression. 26 We also re-ran our main analyses by use of total calcium intake and with a calibrated food frequency questionnaire calcium intake obtained by use of linear regression coefficients between food records (FR) and food frequency questionnaire (FFQ) (R iFR = α FR + β FR * FFQi (R reported calcium in FR, i individual)). 27 The proportional hazard assumptions in the Cox models were confirmed graphically by comparing Nelson-Aalen plots with Schoenfeld's test. Non-linear trends of hip fracture risk were additionally analysed using restricted cubic spline Cox regression. We used four knots placed at percentiles 5, 35, 65, and 95 of the cumulative average calcium intake. 28 The reference level was set to 800 mg of calcium, which corresponds to the recommended daily intake for Swedish women older than 50 years. 3 In the analysis of fractures in the full cohort, the multivariable models included age, total energy, intake of retinol, alcohol, and vitamin D, body mass index, height (all continuous), educational level (≤9 years, 10-12 years, >12 years, other), nulliparity (yes or no), calcium supplement use (yes or no), physical activity (five categories), smoking status (never, former, current), fracture of any type before baseline (yes or no), and Charlson's comorbidity index (continuous, 1 to 16). 24 25 Other potential covariates such as menopausal status, potassium intake, protein intake, and coffee consumption in the multivariable models only marginally changed the relations and were not included in the model. Covariates were treated as time dependent variables. Covariates not assessed in the baseline food frequency questionnaire (such as smoking habits and physical activity) were imputed by the Markov chain Monte Carlo multiple imputation method. Sensitivity analysis with restriction to non-missing data did not alter our interpretation of the results. In the clinical subcohort with osteoporosis as the outcome, covariates related to medication (use or non-use of supplemental calcium and vitamin D, oestrogen replacement therapy, cortisone, or bisphosphonates) were additionally included in the multivariable model.
Effect measure modification between dietary calcium and vitamin D intake was investigated by including a product interaction term in multivariable models and performing likelihood ratio tests of its contribution in nested models. Stratified analyses were thereafter performed by the median cut-off value 4.4 μg/day of dietary vitamin D intake.
Given that calcium supplementation in a recent meta-analysis of randomised trials increased cardiovascular disease events 29 and also given that cardiovascular disease is associated with an increased risk of fracture 30 we considered the potential competing risk problem from mortality by the method of Fine and Gray 31 and by cumulative incidence curves. 32 The sub hazard ratios were similar to the hazard ratios from the ordinary Cox regression (data not shown), suggesting no effect of competing risks.
The statistical analysis was performed with STATA release 11 (StataCorp, College Station, Texas, USA) and SAS version 9.2 (SAS Institute, Cary, NC, USA ). Table 1 shows the characteristics of the study participants by quintiles of dietary calcium intake. With increasing quintiles of calcium intake the reported intake for most other nutrients also increased. Small differences were present for calcium supplement use, comorbidity, educational level, smoking status, and physical activity level between quintiles.
RESULTS
During a median of 19.2 years of follow-up and 996 800 person years at risk, 14 738 women (24%) experienced any type of first fracture and 5043 (8%) experienced two or more fractures. For hip fractures the corresponding numbers were 3871 (6%) and 1368 (2%) during a median of 19.8 years of follow-up and 1 069 980 person years at risk. In the subcohort, 1012 (20%) of the participants were classified as osteoporotic.
There was an apparent decrease in risk for every 300 mg increase of dietary calcium intake (table 2) but the associations were non-linear (P< 0.001 for calcium intake as a quadratic term). The rate of first fractures and prevalence of osteoporosis were highest in the lowest quintile of dietary calcium intake (table 2) . Within this quintile, compared with the third (table 2), the multivariable adjusted hazard ratio for any fracture was 1.18 (95% confidence interval 1.12 to1.25) and for hip fracture 1.29 (1.17 to 1.43). These estimates were somewhat weaker when we analysed multiple fracture events (table 2) . Within the lowest quintile, the risk of fracture increased for every 100 mg decrease in calcium intake, with a multivariable adjusted hazard ratio of 1.08 (1.04 to 1.11) for any first fracture and 1.07 (1.01 to 1.13) for first hip fracture (P=0.19 and P=0.32, respectively, for the quadratic term of calcium intake). The lowest quintile of dietary calcium intake was also associated with an increased risk of osteoporosis (adjusted odds ratio 1.47, 95% confidence interval 1.09 to 2.00).
In the highest quintile of calcium intake, the rate of fracture of any type and the rate of osteoporosis were similar to those in the third quintile (table 2), whereas the hip fracture rate was raised in the highest quintile (hazard ratio 1.19, 95% confidence interval 1.06 to 1.32). The non-linear association between dietary calcium intake and first hip fracture rate is further illustrated by the spline curve in fig 2. Neither quintiles of total calcium intake (including supplements) nor the use of calibrated dietary calcium intake essentially changed the estimated hazard ratios for fracture, although the higher fracture rate at low intake levels became more pronounced (table 3) . The results also remained essentially unchanged after exclusion of women with a previous fracture of any type before the hip fracture event after baseline, or when the analysis was restricted to specific age intervals (<70, 70-80, >80 years).
Vitamin D intake modified the associations between calcium intake and the rate of fractures of any type (P interaction = 0.01) and at the hip (P interaction = 0.02), but not the odds of osteoporosis. Although the association between dietary calcium intake and fracture rate was similar both with a vitamin D intake below and above the median, there was a tendency towards a higher hip fracture rate within the lowest quintile of dietary calcium intake in combination with a low dietary vitamin D intake (table 4) .
DISCUSSION
Principal findings
These findings show an association between a low habitual dietary calcium intake (lowest quintile) and an increased risk of fractures and of osteoporosis. Above this base level, we observed only minor differences in risk. The rate of hip fracture was even increased in those with high dietary calcium intakes.
Strengths and weaknesses of the study Strengths of our study include the population based prospective design with both fractures and osteoporosis as outcomes, and repeated measurements of calcium intake, together with a large number of potential covariates. Incident fractures were traced though national healthcare registries and deterministic record linkage, permitting almost complete case ascertainment. We have adjusted for several important covariates such as nulliparity, smoking, socioeconomic status, physical activity, nutrients other than calcium, educational level, and comorbidity, but residual confounding still remains a possible limitation. Dietary assessment methods are prone to a number of limitations, affecting both the precision and accuracy of the measurement. A food frequency questionnaire is used to assess the habitual intake of diet in larger studies, and a recent review concluded that it was a valid method for assessing dietary mineral intake, particularly for calcium. 33 The food frequency questionnaire may overestimate calcium intake 22 and the threshold of calcium intake detected in our analyses may therefore be somewhat exaggerated. Moreover, misclassification of study participants according to calcium intake may have introduced a conservative bias to our estimates of association. The observational study design precludes conclusions regarding causality. Our results might not apply to other people of different ethnic origins or to men.
Strengths and weaknesses in relation to other studies
The large size of this study enabled us to define a threshold of dietary calcium intake with better precision than in previous studies. The results from previous prospective cohort studies on the relation between dietary calcium intake and fracture risk are contradictory. British women older than 50 years had an increased risk of fractures (self reported five years after study entry) at calcium levels below 700 mg compared with a reference level of 1200 mg. 34 Other large prospective cohort studies 9 35 21 and one meta-analysis 7 reported no association between calcium intake and fracture risk. Vitamin D enhances the renal conservation and intestinal absorption of calcium. 1 Our results suggest that the optimal level for calcium intake for the prevention of osteoporotic fracture is higher when dietary vitamin D intake is low. This finding has not been shown 21 or investigated 35 in previous prospective studies but accords with findings in randomised co-supplementation trials. 6 7 Circulating vitamin D levels are only to a lesser extent determined by the dietary intake of vitamin D. [36] [37] [38] Nonetheless, dietary calcium intake was only associated with bone mineral density in women with serum vitamin D values less than 50 nmol/L in the large NHANES III cohort. 39 
Possible explanations and implications
The present results may reflect a situation when a moderate intake of calcium combined with adequate intake of other micronutrients is sufficient to meet the structural and functional demands of the skeleton. High levels of intake did not further decrease the rate of fracture, and might even increase the rate of hip fractures, although this result should be cautiously interpreted. The finding might be explained by a reverse causation phenomenon; that is, women with a higher predisposition for osteoporosis may have deliberately increased their intake of calcium rich foods. We tried to avoid this bias by restricting the analysis to women with first fracture events. If it exists, this bias would probably have also been reflected in a higher rate of other types of fractures, not only hip fractures. Furthermore, few participants had knowledge of their bone mineral density (which could have influenced the dietary habits) since general screening of osteoporosis with bone mineral density scans does not exist in Sweden. Moreover, use of supplemental calcium has been associated with higher rates of hip fracture both in a cohort study 40 and in randomised controlled trials. 7 8 41 The high calcium intake can reduce the enlargement of the appendicular bones that generally occurs with ageing as a mechanical compensation for a decline in bone mineral density. 8 Furthermore, high calcium doses slow bone turnover and also reduce the number of active bone remodelling sites. 42 This situation can lead to a delay of bone repair caused by fatigue, and thus increase the risk of fractures independent of bone mineral density. 42 The two dimensional DXA measurement precluded us from accurately determining associations between calcium intake and bone size, and specific associations with cortical and trabecular bone. 43 Our observational data suggest that in the prevention of osteoporotic fractures emphasis should be placed on individuals with a low intake of calcium rather than increasing the intake of those already consuming satisfactory amounts, as previously argued by Prentice. 44 Further research is needed-for instance, a randomised study with a factorial design that considers low baseline levels of calcium in combination with calcium supplements.
Conclusions
Incremental increases in calcium intake above the level corresponding to the first quintile of our female population were not associated with a further reduction of osteoporotic fracture rate.
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WHAT IS ALREADY KNOWN ON THIS TOPIC
Meta-analyses of randomised trials have found that supplemental calcium does not reduce the risk of fracture in community dwelling women Meta-analyses of previous cohort studies have not established a reduction in fracture or osteoporosis risk with increasing calcium intake Dietary nutrient estimates are imprecise, and large studies are therefore needed to detect thresholds in risk of fracture and osteoporosis
WHAT THIS STUDY ADDS
Dietary calcium intakes below approximately 700 mg per day in women were associated with an increased risk of hip fracture, any fracture, and of osteoporosis The highest reported calcium intake did not further reduce the risk of fractures of any type, or of osteoporosis, but was associated with a higher rate of hip fracture
